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ABSTRACT 

The compar-tson of-large-scale sulphate aerosol models study (U-SAM) compared the perform- 
ance of atmospheric models with each nther and ohscrvations. It involved: (i) design of a 

standard model experunent for- the world wade web, (II) 10 model sunulations of the cycles of 
sulphur and “‘Rn ““Pb conforming to the experimental design. (iii) asscmhlage of the best 
available observations of atmospheric S04~~ SO2 and MSA and (iv) a workshop in Halifax. 
Canada to analy~ model performance and future model development needs. The analysis 
presented in this paper and two companion papers hy Roelofs. and Lohmann and co-workers 

examtnes the var)ance between models and ohserbations. dtscusses the sour-ces of that vat-lance 

and suggests ways to nnprove models. Variations between models m the expo)-t of SO., f).om 
Europe or North America are not sufhcient to explain an order of magnitude variation in 
spatial distributions of SO_, downwind in the northern hemisphere. On average, models prc- 
dieted surface level seasonal mean SOT aerosol mixing ratios better (most within 207<)) than 
SO: mixing ratios (o\cr-prediction hy factors of 2 or more). Results suggest that vertical mixing 
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I. Introduction 

Atmospheric aerosols play a key rble in many 

important environmental issue3 including cli- 

mate change. stratospheric ozone depletion, 
oxidant smog acid rain and toxic chemicals. 

Internationally coordinated science assessments of 

the state of knowledge of these issues are routinely 

conducted (e.g.. the IPCC Assessments of Climate 

Change, the International Ozone Assessment. 
numerous regional assessments in major source 

regions). Large-scale models for the troposphere/ 

stratosphere system that simulate for aerosols and 
their gaseous precursors, the processes of emis- 

sions, transport/dispersion, chemical, physical 

transformation and removal play 2 1  central r6le in 
these assessments. These models aboutid and their 

results appear frequently in scientific literature. 

There is a need to define their performance relative 

to each other and to current knowledge of aerosol 

occur-rence and processes. 
This paper and two companion papers 

(Lohmann et a l . .  X O l :  Roclofs et al., 2001) 
describe the experimental design and results of an 

internationally coordinated study that focusscd on 

: I  COmparison of large-scale Sulphate Aerosol 

Models (COSAM). When COSAM wab mitlated 

in February lYY8, sulphatcs were the only major 
aerosol types (e.g., bulphates, black carbon, organic 

c a ~ - l x m ,  b e a  salt, soil d u s t  and nitrates) for which 

there were a suthcient number of global models 
and sullicient knowledge of occurrence and pro- 

cesscs on a global domain to warrant an interm- 
tional comparison. COSAM is one of a series of 

model comparisons that has been sponsored over 

the years by the World Climate Research Program. 

In l9YO. 13 models simulating the atmospheric 

distribution of CFC-11 were compared (Pyle and 
Prather. 1996). In lY93. a  second comparison of 

sub-grid scale tracer transport was conducted n#ith 
22 models simulating the atmospheric cycle of 

“‘Rn (Jacob et : I I . ~  1997). In 1995, the ability of 

15 models to simulate the transport and scaven- 

ging of sulphur and “*Rn w a s  compared (Rasch 

et al., 2OOOb). 
The results of the last comparison study (Rasch 

et al., 2OOOb) were particularly relevant to 
COSAM. One conclusion was that “models differ 

dramatically in their simulations of soluble species 

and observations (particularly at altitude) do not 

yet provide L I S  with strong constraints on the 
reality of simulations”. Thus, an emphasis in the 

experimental design of COSAM was on the use 

of more observations including those in the ver- 
tical, A second conclusion w a s  that “transport of 

SO, (i.e.. SOT p l ~ i s  SOZ) lo remote regions was a 

problem” and that in this respect, “the ability to 

model the transport. scavenging ~md transrorma- 
tion of SO1 and the production. transport and 

scavenging of SOT is still in its infancy”. Thus. 

the challenge to COSAM w a 5  t o  test. using an 

expanded retnote region sulphur data set, whether 

the models’ performance in simulating transport 
to remote I-egionb had improved after three years 

and to understand why variations between models 

and observations occurred. A 3rd conclusion K I T  

t h a t  ‘.diKcrences between model results reflect 
mainly the different treaImcnts of the prccipitatinn 

sc:t\enging processes as well as differences in the 

hydrological parameters used to parameterizc the 

scavetqing”. 

The objectives of COSAM were to compare lhc 

ability of cut-I-ent mod& to simulate the spatial 
temporal distribution of sulphate aerosols and to 

use an enhanced set of observations to accomplish 

this. The latter I-equired a special efTort undertaken 

bb the global aerosol data ccntre (WMO Global 

Atmospheric Watch [GAW] program) in lspra. 
Italy to assemble all available ground le\sel data 

on sulphatcs and its gaseous precursors. the use 

of a global data base on “‘IPb deposition in 

Grenoble, France and the use of an extensive set 

0 r  aircraft vertical profile measurements of 
sulphates and related species at regionally repres- 
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entative locations on the periphery of the North 

American sulphur source region. In this paper, we 
describe the COSAM experiment: its design, the 

models and highlights of the results and conc~u- 
sions. Companion papers address details of com- 
parisons with regional sulphur budgets (Roelofs 

et al, 2001) and vertical distributions (Lohmann 

et al., 2001). Details of the COSAM experimental 
design and complete results can be found at the 
following website http: /www.msc-smc.ec.gc.c;l) 

armp~COSAM.htm~. 

2. Model description 

A brief summary of the models participating in 
COSAM is given in Table I. A more detailed 

discussion can be found in Lohmann et ai. (2001 ). 
11 models participated. 3 of which are general 
circulation models (GCMs) generating their own 

winds. and 8 are chemical transport models 
(CTMs) that use prescribed analyzed winds. It 
should be emphasized that CC and GD in this 

study are nudged to analyzed winds but are 
dynamic models that can be run as climate models. 
CD uses the same physics as GB but imported- 

oxidant chemistry and is run using analyzed winds, 
It is therefore classed as a CTM. Furthermore, the 

dry deposition schemes of the two models are 
different. Due to considerable confusion in ter- 
minology regarding the definition of GCM and 
CTM, we emphasize that for this study the sole 

criterion for classifying a tnodct a s  GCM or CTM 

is whether or not anatyzcd meteorological fields 
hased on observations drive the model. 

Chds and chemistry play an important r6le 
in sulphur modcling. The complexity of the treat- 

ment of sulphur chemistry varies considerably. 

Models GB and CB have a full chemistry module 
which generates the precursors OH, HZOZ. OA 
and NO? within the model while the rest of the 

global models rely upon importing chmatologi- 
c d  means of at least some of these variables or 

their precursors from outputs of other CTMs 
that are running internally-generated-oxidant. In 
what follows, we use the terminology internally- 

generated-oxidant chemistry and imported- 
oxidant-chemistry to clearly distinguish between 

these two methodologies. The regional model HA 
used an empirical conversion rate of SO1 to 
SOT based on solar zenith angle and hence lati- 
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tude and time of year (Christensen, 19Y7). The 
parameterization of clouds in the models are either 

prognostic or diagnostic utilizing the available 

meteorological parameters in the models. 

3. Experimental design 

Considering the complexity of comparing many 
models, an attempt was made to keep things 

simple. In addition. the design was shaped by the 
need to understand why differences occur. For 
GCMs. the recommended model run period was 

3 to 5 years. tn practice, only one model (GA) 
met this standard. For CTMs. the recommended 
model evaluation period was January 1993 to 

December 1995 with a preferred sub-period of 

July 1993 to June 1994. This period was chosen 
because there were many high quality routine 
observations of S compounds at remote stations 
in the Arctic. North Atlantic. eastern North 

America and Europe as weI1 as numerous intensive 
field campaigns. In practice CTM. simulation 

periods ranged from 1  to 3 years. One model (CD) 
was included even though it ran only the 
222Rn/2’@Pb option (for 1997:98) because it had 
run in previous inter-comparisons. Differing run 

times is a practical limitation imposed by available 

resources of the participants. It adds an uncer- 
tainty to the interpretation of results. However- it 
was felt that the value of broad participation in 

this intercomparison outweighed the drawbacks 
of variable run time. When considering ditfel-enceh 

between models and drawing conclusions, senhitiv- 
ity to duration of a simulation were considered 
and are mentioned in lhe text. 

Two run lypes were undertaken. 

(i) A base run for sutphur compounds (SOI, 
SOT, DMS. MSA) with the following prescribed 
emissions. 

(1) Anthropogenic S-emissions for 1985 

GEIA 1  B (Benkovitz et al., 1996). 
(2) Monthly 1  x  1 DMS emissions generated 

from gridded ocean surface DMS concentrations 
(Kettle et al, 1999), Liss-Merlivat air-ocean 

exchange parameterization and ECMWF 

(European Centre for Median Range Weather 
Forecasting) winds (see below for details). 

(3) Volcanic emissions on a 3.75 x 3.75 grid 

from Graf et al. (1997) and Spiro et al. (1992). 



Model Model 
code name 

GA GISS 
GB ECHAM4.UL! 
cc CCCma 
GD ECHAM4-MPI 

CA TOMCAT 

CB KNMI IMALJ 

cc MIRAGE 
CD IMPACT 
CE GOCART 
CF NCAR 

HA DEHM 

Jeuken 
Dentener 
Easter 
Bergmann 
Chin 
Rasch 

Christensen 

I,‘93 10 12 93 3.75 x 5 I9 

J,93 to 6,94 2.81 x 2.Xl 24 

3,97 to 2 98 ’ x 7.5 46 
7 93 to 6 94 5 x 2.s 20 

9;92 tn 12 95 I.8 x1.x 26 
12!92 tc> I2 95 IS0 km I2 

Clouds Ref. 

generated 
gcncrated 
generated 
nudged to 
ECMWF 

ECMWF 

ECMWI- 

prognostic Koch ct al. (1999) .!- 

ptqnostx Roelofs et al. (  1998) ? 
prognostic Lohmann et al. (  1999) ? 
prognostic Feichter and Lohmann $ 

(1999) 5 
7 
* 

diagnostic Law et al. (  1998): > 
Giannakopoulos 7 

ct al. (1999) 
diagnostic Dentener et al. (1999) 

nudged prognostic Ghan ct al. ( X X I I  )  
GEOS diagnostic Penner et al, (l99X) 

GEOS diagnostic Chin et al. (2000) 
GEOS diagnostic Rasch ct al. (2OOOa) 

ECMWF prognostic Christensen (1997) 



( 4 )  Any other- S L I I ~ I I L I Y  s o u r c e s  SLI& as biomass sonal mean column burdens in the 0 to I km and 

burning or sea salt were not included. total column layers. 

(ii) An optional Rn”’ Pb”” run using pre- 
scribed Rn”’ emissions, :I Rn”’ fjrst order radio- 

actil;e decay rate of 2. I 1  x  IO ” E ’  1 0  produce 
Pb”“, no other removal of Rn”’ and removal of 

Pb”O as II’ it !+ere SOT. RII”’ surface emissions 
kvcre prescribed (Table 1) in accordance with those 

outlined in Jacob et al. (  1997). 

(4) Seasonal (defined as winter December to 
February. etc.) mean and standard error of the 

daily mean mixing ratio of surface level SO?, non- 
sea salt sulphate (nss-SO; )  and MSA at locations 

shown in Fig I where regionally-representative 
long-term surface observations were available. 

The monthly DMS emission distributions used 

in the COSAM cxcrcise. and the way they are 
constructed. is described by Kettle et al. (1999). A 
I  x  I database of monthly DMS surface water 

concentrations is constructed from 15 617 point 

measurements. The emission distributions are ca- 
culated with a parametcrization for the air sea 
transfer velocity (Liss and Merlivat, l986)% using 
ECMWF wind fields analyzed by Trenberth et al, 

(  I % + ) )  and a sea surface temperature dependence 

from Erickson et al. (  1990). The resulting global 
DMS emission f l ~ ~ x c s  arc about 2.X and 1.4 Tg S 
per month for January and J L I I ~ .  respectively. and 
2X.9 Tg S yearly. 

(5) Pole to pole vertical transects for northern 

hemispheric summer (June to ALI~LISL) and winter 

(December to February) of mean and standard 
deviation of daily mean mixins ratios for the mid- 

Atlantic (longitude 30 W). mid-Pacific (longitude 

160 W) and mid-North America (longitude 

xo W). 

l-or all compounds modeled. the following IO 
results wcrc reported for each model: 

(6) Vertical pro(jles of period man mixing 

ratios off the east coast of Canada corresponding 

to the intensive aircraft obser\#ations made during 

the North Atlantic Regional Experiment (NARE) 

in July’A~~gust I993 and a March April bsertical 

profile for North Bay Ontario, Canada (46.3 N: 

79.5 W) where sufficient multi-year sampling was 
available to constitute a climatology. For details 

see Lohmann et al. (2001 ). 

(  I )  Global budgets. 

f  2 )  Regional b u d g e &  Four regional budget 
areas were selected. three in the major anthropa 
genie source regions of eastern North America. 

EUI-ape and Southeast Asia as well a a Southe~-n 
Ocean Biogenic Source Region (Fig. I ). The 

budgets were calculated for two layers (0 to 2.5 km 
and 2.5 km to the top of the domain). For details 
see Roelofs et aI. (2001). 

( 3 )  Global distributions of seasonal mean 

mixing ratios in the lowest model layer and sea- 

(7) t-or CTMs. the mean vertical profile of 

222R~~ mixing ratios from 0 to 12.5 km altitude at 
37.4 N, I22 W near San Jo& California for the 

period 3 to 16 June lY94 corresponding to aircraft 

observations (Kritz et al., l99X) made generally 

betwseen the hours of 00 and 06 GMT (i.e., late 

afternoon) on I I days in that period (CTMs 
provided profiles for the act~~al observation period 

while GCMs provided mean profiles for June). 
( X )  Annual mixing ratio of ““Pb in the surface 

layer of the model (specify thickness) from S to 

35 N latitude along a longitude band in Indill 

from 70 to X5 E. 

(9) Griddcd scahonal mean deposition of ““I’b 

for: (i) total deposition (i.e.. wet plus dry) and 
(ii) wet deposition (scayon7: winter: December to 

February. etc.). 
(  I O )  Monthly mean and standard deviation of 

daily mean mixins ratios of " ' R I I  and ““Pb in 

surface air at 7 locations where long term air 

concentration mea~uremcnts al-c available (Crozet 

46.4s S. 51.85 E: New Amsterdam 37.X3 S. 
72.53 E: Dumont d’urville 67.00 S. 142.00 E: 

Kerguelen 49.33 S. 70.3X E: Bombay IX.95 N. 
71.92 E: Fribourg 46.XO NT 7.15 E: Summit 

72.30 N. 3X.00 W). Observations are from the 

T~IILI~ 53B ( 2 0 0 1  ) .  5  



Surfxc-based obser\ aCons o f  sitlphitr spccics 

\\ere canpiled b y  t h e  WMO GAW aerosol data 
ccntcr b y  J .  Wilson a n d  F .  McCiovcrn. I n  order 
t o  utilise consistent mca~ttremeti~s. where similar 

collection a n d  analysis techniques were used. data 
frotn large-scale networks were preferred. 

However. t h e  natut-e o f  scienUic research means 

that  a  number o f  k e y  sites at-e operated o n  a  single 
s i t e  basis. Data availability a n d  quality lvere also 
wnsidct-cd. Table 3  lists t h e  sut-face sites selected. 
The network> a n d  single s i t e  operations that  

agt-ted t o  5iipply data f o r  t h e  pi-eject were: 

A i r  Ocean Chemistry Experiment (AEROCE). 
LJni\,erqity o f  Miami. USA. 

Canadian A i r  a n d  Precipitation Monitoring 
Net\vnrk (CAPMON). l?tlvironment Canada 
Toronto~ Cttnadx 

LJS Dclxtr~nux~ o f  t h e  Energy Netwnrk. (DOE). 
lJnivcrsi~y o f  Miami. USA. 

Co-opcrativc Progrxntnc f o r  Monitnring a n d  
Evaluation of’ the Long Kange -1.ransport of Ait- 

Pollutants in Europe (EMEI’). Notxegian 
Institute f o r  A i r  Research. 

lnbwgency Mortitorinz o f  Protecbx~ Visual 
En\irontnents (IMPROVE). USA. 

Tellub 53B (XOI 1. 5 
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EMEP 
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EMEP 

implwe 

CAPMON 

CAPMON 
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Sumtnit. Greenland. Universitk Joseph Fourier 
(  UJF). Grenoble. France. 
Alert. Atmospheric Environment S e r v i c e  

(AES), Cartad~~. 
Nord. Greenland. Danmarks 
Mil.jotttid~rso~elsers (  DM U ), 

Systematic observations of vertical distribution? 
of the compounds modeled are scarce. We chose 

TV\ o locations in Canada on the periphery of the 
North American sottrcc region where suflicient 
aircraft ol35erLations of SOT and its gasc0~1s prc- 
cursors SO2 \vere available to provide a good 

cstitna02 of the mean Lertical profile of mixing 

ratio in the atmosphere. In addition. ancillary 
tneasuretnents of the aqueous phase oxidants 
ozone and hydrogen pa-oxide as well as cloud 

properties liere available to test the models. 
Evaluation of model performance in this regard is 

discussed in detail in the companion paper by 
l,ohtn:tnn ct al. (ZOOI ). 

4. Utwdts and discussion 

In Subsections 4.1 -4.7. detailed results are pre- 
sented of compat-ison of m o d e l s  b a s e d  O I I  7  s p e c i f i c  

d i a g m s c s .  Thcsc compare the models’ ability to 

<imttlate paramcwrs related tn: (i) annual +lwl 

bttdgctq of S. Rn”’ :tnd Pb”“. (ii) seasonal mean 
regional budgets of S. (iii) seasonal tncan latitud- 
inal variation in the northern hemisphere of the 

[onal distribution of three column sulphut- proper- 
ties. (iv) seasonal mean vertical distributions of 

S paratneters along a in&Atlantic transect, 
(1) ground bajed SOT and SO2 mixing ratios at 

regional and retnote sites and (vi) Rn”’ wrtical 
profiles and remote ground level mixing ratios. 

Finally in Subsection 4.8, an explanation is offered 

for sources of discrepancies between models and 
observations that is generally consistent with 
these 7 tests. 

All tnodcls ran the same emissions scenario and 

there \vas good agreement bet\veen the reported 
@tb:tl emissions of DMS. SO?. SO, and 2’2Rn. 
Ho\vcvcr. a comparison of the annual mean global 
atmospheric mass of “ ‘ R I I _  ““Pb. SO2 and SOY 

(Fig, 2) showed considcrablc direrewes bet\veen 

models. This parameter is subject to all of the 
atmospheric processes aiYe&ng a substance after 
it is emitted. The clearest difference was for ““Pb 

(Fig. 21). the particulate end product of g~1seo11s 

“‘Rn decay. Models GB. CC and CD were higher 
than the rest by at leaqt 30% This result is an 
indication of the rclativc ability of Ihe models to 

scavcngc particulate matter from the atmosphere. 
The constant decay rate of Rn and its incrtnw 
with respect to wet and dry deposition leave only 

scavenging processes tn affect the model outcome. 

When variable oxidation and wet dry deposition 
processes of the gaseous precursors (i.c_ DMS 
and SOY arc involved. difference? in the model- 

predicted particulate end product (i.e.. SOT and 
MSA) disappear in the added variance of the 

model results (Fig. 2b). This is due to added 
variance associated with the gaseous precursors 
(DMS. S02) undergoing wet and dry removal and 

variable oxidation rates whereas “‘Rn is only 
subject to a constant radioactive decay rate (half- 

life IX2 day). Thus. models GB. CC and GD 
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scavenge particulate matter from t h e  atmosphere 

3O”X less effectively than t h e  other global models. 

I n  F i g  2 b ,  t h e  composition o f  atmospheric SLI- 
phur predicted b y  each model i s  also compared. 
Atmospheric sulphur i s  dominated b y  gaseous 
SOz a n d  SO: aerosols. DMS a n d  MSA constitute 

less than 15% o f  t h e  total ( I+ .  2b). The I O  models 
a r e  consistent i n  predicting that  v n  a  global mean 

basis atmospheric SO: i s  slightly mol-e abundant 
than s o ?  ( 5 0  t 0  70% 0 r  ~0.~). 

The relative pel-formance o f  models o n  a  global 
basis t o  I-emove sulphur b y  w e t  a n d  d r y  deposition 
a n d  t o  produce SO; i n  clear a i r  i s  shown i n  

Figs, 3 a .  b .  There i s  some variation i n  t h e  fraction 
o f  total sulphur deposited that  i s  scavenged b y  

w e t  a n d  d r y  processes (Fig. XI). The d r y  deposited 
fraction ranges f~-om 3 6  t o  54%. With t h e  cxcep- 
tion o f  model GC’. there i s  little variation i n  t h e  

total annual chemical production o f  SOT b y  clear 
a i r  a n d  in-cloud oxidation o r  gaseous precursors 
(E-ig. 3b). F o r  t h e  majority? i t s  rate ranges from 
1500 t o  1900 Gmoles y r  ’ Model G C  was much 

lower a t  IO00 Gmoles y r -  ‘ .  The fraction o f  SOT 

production occurring in-cloud ranges from 78% 

iii-cloud for C A  t o  U  I  ‘ X I  f o r  model CC. 
The atmospheric residence time o f  sulphur corn- 

pounds was calculated b y  dividing t h e  annual 
domain average burden o f  a  sulphur species b y  
t h e  sum o f  i t s  sinks (chemical destruction, d r y  

deposition a n d  w e t  removal). Generally. t h e  rcsid- 
ence time o f  particulate SOT (3.6-7,s days) was 

longer than f o r  SOI ( 1 I 3.1 day5). The lifctimc o f  
DMS which i s  largely determined b y  reaction with 
O H  a n d  t o  a  lcsscr extent with NO.3 radicals 

ranged fl-om 1  t o  3 . 9  days with most models 
predicting a  lil’etime o f  clohe t o  2  days. Model G B  

was much higher a t  a  DMS residence time o f  
3 . 9  days while model C A  was lowest a t  1 day. 
Consistent with this  i s  that  model G B  h a d  fraction- 
ally less clear a i r  SOT production (i.e., less O H  

a n d  hence higher DMS lifetime) than t h e  median 
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of the group while model CA had fractionally 
more clear air production than the median of the 
group (Fig. 3b). 

The two models running internally-generated- 
oxidant chemistry had very different DMS life- 

times (GB 3.9 days, CB 2 days). This indicates 
that in marine areas of high DMS emissions OH 
concentrations predicted by the two models differ 

considerably. In CB. non-methane hydrocarbon 
chemistry is represented by the Carbon Bond 

Mechanism 4 (CBM-4). while in GB only the CO 
yield from oxidation of NMHC are accounted for. 
The effect of including NMHC chemistry is a 

decrease of simulated lower tropospheric OH over 
the continents and an increase over oceans (e.g., 

Houweling et al., 1998). This may partly explain 
the difference between the DMS lifetimes in these 
two models. 

Highlight5 of a detailed analysis of the regional 
sulphur budgets for the major pollution source 

regions eastern North America, Europe and south- 
eastern Asia on a seasonal basis (Roelofs et al,, 
2001 ) are as follows. 

(i) Simulation of vel-tical transport of sulphur 
species in the source regions is highly variable 
between models, especially in summer, 

(ii) Dry deposition removal of SO? and 
sulphate in the source region5 varies by a factor 
of 3 between models, This is much more variable 
than for the global scale. 

(iii) Wet deposition is of relatively little impor- 
tance in the regional budget of SO1. but a domin- 

ant factor in that of SOT. Simulated wet deposition 
rates for sulphate range over a factor of 4. whereas 
one model stands out eben more with a very high 
wet deposition efficiency. Global budget results 

(Subsection 4.1) show that this conclusion ib valid 
on a larger scale although lhere is lt~s variance 
between models fog- the largeI- global domain. 

(iv) In mobt models m ail I-eg~ons. about 50% 
of the sulphatc I-ebides above 2.5 km altitude, 

(v) Export of SO1 and SOY f~-om polluted 
source I-egions to cleaner areas varies gl-eatly 
between models showing differences up to an order 
of magnitude in summer. However. variabilities in 

the separate SO? and sulphate exports are some- 
what anti-correlated resulting in less difference in 

SO, export bet\\een models. 

There was considerable variation in SO., export 

between models from region to region and season 

to season (Fig. 4). The greatest seasonality in 
fractional export was in Europe, while the greatest 

variability between models occurred in eastern 
North America and southeast Asia rather than 

Europe. In summer, the GCM GA was less efi- 
cient in transporting SO, from eastern North 
America and southeast Asia than the others. 

Insight into the performance of the models in 

horizontally transporting, vertically dispersing, 

and oxidizing sulphur compounds has been gained 
by comparing model predictions of three para- 
meters: (i) the column burden of SO_,. (ii) the 



fraction of total column SO., that is in the first domain in which results near the lower latitude 

kilometer and (iii1 the fraction of total column boundary are not realistic. It should also be 

SO, that is SO?. The distribution of each of these emphasized that variance of the parameter distri- 

parameters for a zone or latitude band around bution (indicated by height of boxes) may be 

the Earth in the northern hemisphere is compared related to model resolution. In principle. more 

for winter and summer in Figs. 5, 6. Results for highly resolved models such as HA. CD. CE and 

HA were not available for latitude band 0 to IS N CF will tend to have higher variance than low 

since this model has a northern hemispheric sub- resolution models such as GA and CA (Table Il. 
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high SO, burden group with the GCMs and one 
CTM(CE) in the high group and GC and the 
remaining CTMs in the low group. 

In the source region (30 to 60 N) in winter. the 
median fraction of column SO., burden that is in 
the first kilometer does not vary consistently 1~1th 

latitude. It ranges from 20 to 4X% (Fig. 5b). HA, 

the high resolution sub-hemispheric model. tends 
to have more SO, in the lowest levels than the 
other models. It will be shown later in 

Subsection 4.5 that HA is the best in matching 
seasonal mean surface concentrations of SO2 and 

SOT in winter. Moving northward in latitude 
shows differences in models increasing until the 
fraction ranges from 10 tc> 50”A1 in the Arctic 

region (> 75 N). Models GA. CA and CC are 
lowest white HA is highest. 

In winter, the median fraction of total column 
burden SO_, that is Lmoxidized SOI (Fig 5c) 
increases from lov, to high tatitudcs and is most 

variable in the mid- to high latitudes. Mod& CA 
and CB represent lower and upper bounds. 

rcspectibety. They range from 40 and 70%. respect- 
ibely at 30 45 N to I2 and 92% north of 60 N, 
TIIL~s, there are great differences in the ~211 models 
oxidize SO2 and because OH concentrations are 

to\%. the dilfercnces are in the models’ aqueous 
phase oxidation parametcrizations. HA bshich 

matches observations well predicts 60% in the 
three latitude bands between 30 and 90 N. 

It ih noteworth) that in the winter month5 in 
the remote Arctic. which receives most of its 
pollution from Eurasia (Barrie et al.. 1989: 
Christcnscn? 1997). most models perform consist- 
cntly in transporting SO, to the remote northern 
tatitudcs (Fig. 5~1) but \sar> greatly in how they 

disperse that SO, in the vertical (Fig. 5b) and hoI+ 

they apportion it between SO2 and SOi- (  Fig. Sc). 
Let LIS now consider the results for the summer. 

Median !%I., burden (Fig. 6~) tends to peak in the 
mi&latitudes (30 60 N) in contrast to the !+inter 
situation when the burden at high latitude5 wcrc 

as high as those ar mid-t:~titudes. Model CB Lvhich 

was generalI) higher than the rcyt in Lvintcr is now 
in the middle of the group. The hemispheric model 
HA is consistently lo\vcr than the rest. In the mid- 

latitudes. \ariancc between models is less than in 
stinter Lvhile at the high latitudes it is higher, 

The fraction of total coltmin SO, in the lo\\est 
1 km is less in summer than in winter and tends 
to be tol\cht in the h@ latitudes. As in Minter. 

the hemispheric model HA is much higher than 

the rest. In other words, it confines much more 

SO., to the tower atmosphere than the other 

models. This model does not simulate vertical 

convective mixing. This is likely a drawback in 

smnmer but not in winter. The difference is most 

pronounced in summer when convection is 

strongest. 

As expected from atmospheric photochemistry, 

the fraction of total column SO, that is SO2 

(Fig. 6c) ih much lower in summer than in winter. 

Furthermore. it decreases with increasing latitude 

while in winter the opposite was true. There was 

much less variance in this parameter in stmmier 
than in winter. This could be expected since 

oxidation of SO2 is f&a- in smnmcr3 and in all 
the models the oxidation is suficiently fast that 

most SO_, exists as SOY. North of 30 N, models 

CE. CF and HA arc consistently higher than the 

rest while model CC is lower. In winter. model 
CA replaces model CC as the lowest. The chemical 

transport model CB which has internally- 

~etler~ited-~~xid~~nt chemistry and which was high- 

est in winter (i.e.? low SO? oxidation and or 

removal) was in the middle d  the group in 
summer, 

These results prcscnt us \\ith a dilemma. Model 

HA. which matches surface lcvcl observations 

reasonably well% consistently retains more SO, in 

the lowest I  km than the other models. It sho~itd 

be emphasized that there is a bias in the fraction 

of total colmiln SO, in the lowest 1 km associated 
with the top of model HA being lolver (6 km) than 

that of the other models (> IO km). Howcvcr 

considering that - 60% of the atmospheric mass 

lies below 6 km and that mixing rata are much 

higher below 6 km than above. this bias will be 

less than 2U%. In Model HA, considerable atten- 

tion has been paid to obtaining accul-ate nunlet-lcal 

solutions or advection quationy. A combination 

of a pseudo qpcctral method with a Forester filter 

giI:cs a very accurate solution to the advective 

transport equation (Dabdub and Scinfcld. 1994). 

It also ha> a good vaticat diffusion scheme that 

mixes pollutants in the planetat-y houndal-y layer. 

Another. unique feature of IIA is that SO? trans- 

formation is empirically parametcrized as a func- 

tion of solar zenith angle. If HA is indeed correct. 

it indicates that the global models need to improve 

their- chemical tr~lilsf~~rtli~iti(~il of SO? and their 



Further insight into the relative performance of 
the mod& can be gained by comparing Lertical 

cross sections of various paramc~ers along longi- 
tude 30 W (see Fig. I). In the northern hetnisphere. 
the mid-latitude portion of this transect is down- 

wind of the eastern North American source region 
in the westerlies and the northern latitudes 

(> 70 N) receives pollution mainly frotn Eurasia 
particularly in winter. Fig. 7. 8 show results for 
December to February for SO, and the fraction 

of that SO, that is SO?. respectively. As mentioned 

above. the higher resolution litnited area tnodel 
HA 1x1s been particularly well tested and validated 
in Europe and the northern latitudes of the lower 
troposphere (Christenhen, 1997) and can serve as 

somewhat of a benchmark in winter \vhcn deep 
con\ection (\vhich it does not sitnulate as well as 

GCMs) does not play 21 large r6lc in vertical 
mixing. The SO, mixing ratio has t\\o maxima. 
One north of 50 N associated with anthropogenic 
sources and :I smaller one in the southern high 

latitudes :tssociaW \+ith biogcnic DMS etnissiorts 
in the southern hemispheric summer. 

Models difI”cr greatly in the SO, amount that 
the) put into lhe northern WJposphere in the 
northern hetnispheric v,inter (Fig. 7). The area of 

the troposphere covet-cd by isolines 0.30 nmole 

tnole-air and greater \:trics b> a factor of IO. 
Models GA. CC. CB and CE maintain more SO, 
in the \+inter troposphere than the other models. 
This is consistent with an oler-prediction of 

ground level SO2 in lvinter (see Subsection 4,s). 
Dilfcrenccs lie not in the gound level concentr~i- 

tionq but in the area1 extent of the anthropogcnic 
sulphur in the atmosphere. Variatinns in export 
of SO, frnm Furopc or North America (Fis. 4) 
arc not sufficient to explain an nrder of tnagnitude 

lariation in spatial extent displayed in Fig. 7. 
Model HA yields realistic ground level concentra- 

tions and vertical distributions of SO, in winter 

(Christensen, 1997). The fact that model HA docs 
non dispel-se anthropogcnic SO, in the vertical as 

readill as the lowet- reholuGon models suggests 
that vertical diffusion is :I major source of variance. 

On the mid-Atlantic vertical tr:msect in \\inter. 

variances in SO, distributions between models 

(Fig. 7) are not correlated to oxidiotion of SO2 
indicated by SO2 SO, fractions (Fig. X). Models 

GA. CB. CE and CF have SO2 ‘SO., fractions that 
are greater than 75O% o\Jer large areas of the 
northern troposphere w-hile the rest are generally 

below 6S’% over most of the northern latitudes. 

An analysis of regional sulphur budgets (Roelefs 
et al.. 2001) led LIS to the conclusion that the 
dominanl cause of model-@model differences for 
the three northern hemispheric source regions is 

the representation of cloud processes: aqueous- 

phae sulphate production rates, wet deposition 
efficiency and vertical transport eticiencies. The 
same likely holds for transport beyond the source 

regions with one additional source of variance. 
namely eficiency of horizontal transport. 

In northern hemispheric winter. there is a max- 
imum oxidation of DMS emitted from high lati- 
tude southern polar oceans which leads to aerosol 

SOY peaks. Some tnodels have this feature and 
some do not. A crnnparison of the two internally- 

~etier~ited-~~xi~~~int chemistry models GB and CB 
is particularly interesting. On the basis of global 
annual sulphur budgets (Subsection 4. I ), it was 
concluded that CB was more cflicient in oxidizing 

DMS than GB (respective DMS tropospheric 
lifetime of 2 versus 3.9 days). This is consistent 

with results in Fig 7 with CB having ;I tnarked 
southern hemispheric SO_, peak at - 60 S and GB 
a less distinct one, Another process that plays a 

role in the production of SOY. from DMS is clo~td 
chemistry and removal. This ma> also be a source 

of difference between the modeled SOY 
distributions. 

A comparison of results for the mid-Atlantic 

longitudinal profile of aerosol sulphate mixing 
ratio in the northern hemispheric sumtner period 
is shoL\n in Fis. 9. At this time of year retnote 

from source regions. SOY is the dominant contrib- 
utor to SO, (Fig. 6~). With the exception of model 
GA. thcrc is consistency bctwccn models in simu- 
lating a maximum in the mid-Atlantic dn\vnwind 

of eastern Nnrth Atneric~i. Mndels are divisible 

into two groups based on their tnnvetnent of 
sulphatc acrcosnl alnft and polcward intn the trnl-o 

sphere. GA% GB. GC. CA% CC and CF produce 
considerable SOT alnft bvhilc GD. CB. CE and 

HA confine it more to the mid- to lower tt-opc)- 
sphere. Another difference is conccntratinns in the 
atmospheric bou~~daq laler at high latitudes 
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which are known to be less than 0.025 nmole, 

mole-air poleward of 70 N (Sirois and Barrie? 
1999). Models CC, CF, CE and HA simulate this 
feature while the others do not. This is presumably 

related to the ability to produce marine stratus 

cloud which dominates the lower troposphere in 
summer north of 70 N. 

The model predicted mid-Atlantic longitudinal 
transect of DMS mixing ratios for the northern 
hemispheric summer period June to August are 

compared in Fig. 10. There is a maximum in both 
high latitude regions originating from sources in 
the northern oceans. All models used the same 

DMS emissions so that the variations between 
results are determined by differences in transport 

and oxidation. DMS observations in the mid- 
Atlantic from German research vessels (Staubes 
and Georgii, 1993) during northern hemispheric 

summer have measured surface level atmospheric 

mixing ratios from 52.N to 52 S. Peak DMS is 
observed at the extreme high latitudes of both 
hemispheres in the range 0.5 to 1.5 nmole;mole- 
air as well as a secondary maximum in the 
up-welling waters off the coast of the African 

continent (5 N to 15 N) at 0.15 to 0.25 nmole; 
mole-air. All models show these features except 

for CA which has very little DMS in the high 
latitude southern hemisphere and generally lower 
DMS everywhere. Model CF has a southern hemi- 

spheric peak but clearly also lower in concentra- 
tion than the rest. Contrasts in the internally- 

generated-oxidant chemistry models (CB and GB) 
are once again consistent with these results. CB 
which oxidizes DMS twice as fast as GB (global 

annual residence time of 2 versus 3.9 days, respect- 
ively) has a lower peak DMS concentration 

(2 nmole~mole-air versus > 5 nmoleimole-air), 
Contrasts between models GB and GD are also 

instructive. They both have the same transport 
and DMS oxidation chemistry involving OH. 

However. GB calculates OH each time-step 

whereas GD uses monthly mean 011 fields. Since 
upward transport is correlated with cloud cover 
and therefore anticorrelated with OH, CJB pro- 
duces higher DMS mixing ratios in the regions 

with upward motion (as shown in Fig. 10). 

The vertical dispersion of DMS into the upper 
troposphere that is evident for all models in 
Antarctica in Fig. 10 iy prcyumably driven by 
circulation around the Antarctic continent in 

southern hemispheric winter. All models except 

GC and CA show a vertical plume at the inter- 
tropical convergence zone and in mid-latitudes. 

This is caused by convective cloud pumping of 

this relatively insoluble gas aloft and depends on 
parameterization of deep convection in the models, 
Results for Rn also show the equatorial and mid- 

latitude plumes. In this case, the mid-latitude 
plume for GC is as strong as the other models. 

This suggests that the absence of DMS lofting at 

the inter-tropical convergence zone in model GC 
is related to chemistry rather than vertical 
convection. 

sod= filld so2 

A comparison of modeled and observed seasonal 

mean mixing ratios of ground level SOT and SO1 
for the northern hemispheric winter and summer 
was conducted by plotting the difference between 
modeled and observed mixing ratios against 

observed mixing ratios. The sites in Fig. 1 were 
used. In the following discussion, it is convenient 

to define the parameter D as the difference between 
modeled and observed divided by observed 
expressed as a percentage. 

Let us first consider the winter results for SOT 

and SO2 (Figs. 11, 12). For SOT, the models gener- 

ally under-predicted with D as low as -80% at 
concentrations above 0.8 nmole/mole-air while at 
lower concentrations their performance varied 
from good to poor. Models GA, GB, GD. CB, 

CC, CE, CF and HA were reasonably good with 
the median c close to 0% and its range less than 

30% while model GC and CA showed much more 
scatter and a tendency to over-predict (D as great 
as 15O”h). 

For SO2 (Fig. 12), results were generally close 

to - or less than - observed at concentrations 
above I.5 nmole/inole-air and much higher than 
observed at lower concentrations. Modci HA per- 

fol-med best with the least deviation flrom observ:l- 
tions and the lowest positive bias (median n 

+40°h). Models CA and CF were the next best, 

The tendency of models CC and CA to OXI-- 
predict SOT at lower concentrations w-as not 

compensated by an undcl--pI-ediction of SOJ. This 
cleal-ly indicates that transport and removal rather 
than oxidation are sources of the deviation from 
observed. 

In Figs. 13. 14. the t-esults for northern hm- 
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s p h e r i c  s u m m e r  a r e  c o m p a r e d .  F o r  S O Y  ( F i g .  1 3 ) ,  
m o d e l  p e r f o r m a n c e  w a s  m u c h  b e t t e r  t h a n  f o r  t h e  

& i n t e r  p e r i o d  ( F i g .  1 1). M o d e l s  G A ,  G B .  G D ,  C A ,  
C C  a n d  H A  s h o w e d  n o  s y s t e m a t i c  b i a s  w i t h  

o b s e r v a t i o n s  ( i . e . .  m e a n  D  =  0 )  o v e r  t h e  w h o l e  
d a t a  r a n g e .  F u r t h e r m o r e .  s c a t t e r  a b o u t  t h e  o b s e r -  
v a t i o n s  \ v a s  l e s s  t h a n  5 O ” / i ,  a n d  i n  t h e  c a s e  o f  

m o d e l  C C  l e s s  t h a n  2 0 % .  O t h e r  m o d e l s  s h o \ $  

c o n s i d e r a b l e  s y s t e m a t i c  b i a s .  C C  a n d  C B  h a d  a n  
a L e r a s e  b i a s  o f  , ! I  f r o m  7 0  t o  8 0 %  w h i l e  C F  
s h o w e d  a  r e m a r k a b l y  c o n s i s t e n t  n e g a t i v e  b i a s  o f  
7 0 % .  A s  i n  t h e  w i n t e r  m o n t h s ,  a t t  m o d e t s  b u t  H A  

t e n d e d  t o  o v e r - p r e d i c t  S O ?  ( F i g .  1 4 )  b y  2 0  t o  5 0 % .  

S i n c e  S O ?  o x i d i z e s  m o r e  r a p i d l y  i n  s u m m e r  t h a n  
i n  w i n t e r ,  t h e  o n l y  S O ?  o b s e r v a t i o n s  a b o v e  d e t e c -  
t i o n  l i m i t  a r e  t h o s e  c t o s e  t o  s o u r c e  r e g i o n s .  H e n c e ,  
t h e r e  a r e  f e w e r  p o i n t s  i n  F i g .  I 4  t h a n  i n  F i g  1 3 .  

M o d e l  C F  s h a v e d  v e r y  t a r g e  s c a t t e r  f o r  S O I  i n  
c o n t r a s t  t o  i t s  r e s u l t s  f o r  S O T  b u t  t h i s  t i m e  a  

p o s i t i v e  b i a s  ( D  a p p r o x i m a t e l y  4 O O ’ X ) .  
The g e n e r a l  t e n d e n c y  t o  o v e r - p r e d i c t  S O ?  w s h i t e  

p r e d i c t i n g  S O T  r e a s o n a b l y  \ v e t t  s u g g e s t s  t h a t  t h e r e  
i s  a  p r o b l e m  h i t h  u n r e a h s t i c a t t y  h i g h  l o n g  r a n g e  
W a n s p o r t  ( o u t  o f  s o u r c e  r e g i o n s  i n  t h e  m o d e t s .  O n e  

p o s s i b l e  s o u t - c e  o f  b i a  i s  i n  t h e  r e p r e s e n t a t i v e n e s s  
o f  t h e  l Y 8 5  S O ?  e m i s s i o n s  f o r  w h i c h  t h e  o b s e r v e  
t i o n s  a r e  a v a i l a b l e  ( m a i n l y  r e p r e s e n t i n g  t h e  k i t e  

I Y X O s  t o  m i d - 1 9 Y O A ) .  M o s t  S O ?  o b s e r v a t i o n s  a r e  
o n  t h e  p e l - i p h e r y  o f  E u r o p e  a n d  N ,  A m e r i c a .  A n  

c x a m i n a t l o n  0 s  e m i s s i o n s  d i f f e r e n c e s  w o u l d  
e x p k i i n  t h e  m o d &  b e i n g  h i g h  b y  2 0  t o  4 0 % .  T h i s  
i s  g e n e r a l l y  n o t  e n o u g h  t o  e x p k ~ i n  t h e  d i s c r e p a n c y  

c \ , i d e n t  i n  F i g s .  1 2 .  1 4 .  

D a t a  f r o m  4  e l e v a t e d  m o u n t a i n  s i t e s  a r e  
i n c l u d e d  a n d  p l o t t e d  a s  c i r c l e d  c r o s s e s  i n  F i g s .  II 
to I 4  f lzana3 S p a i n  2 3 6 7  m  a s t :  J u n g f r a u j o c h ,  
S \ v i t z e r k m d  3 5 7 3  m  a s t :  M a u n a  L o a .  U S A  3 3 Y 7  m  

a &  S L m i r n i t .  G r e e n l a n d  3 1 9 0  m  a t ) .  T h e r e  \ + a s  
n o  s y s t e m a t i c  d i t T e r e n c e  b e t w e e n  t h c s c  a n d  o t h e r  

s i t e s  i n  t h e  m o d e l s  a b i l i t y  t o  s i m u l a t e  o b s e r v ; i -  
t i o n s .  H o w e v e r  o n I >  I o f  t h e  4 .  J u n g f r a u j o c h  h a d  
S O 2  a s  w e I t  a h  S O ,  h I o r e  r o u t i n e  o b s e r v a t i o n s  

a t  e l e \ , a t e d  t o c a t i o n s  a r e  n e e d e d .  

I n  s u m m a r y .  a  c o m p a r i s o n  o f  m o d e t - p r e d i c t e d  
b u r r a c e - l e v e l  m i x i n g  r a t i o s  o f  s u t p h u r  c o m p o u n d s  
a  t r e g i o n a l l y  r e p r e s e n t a t i v e  m o n i t o r i n g  s i t e s  
a r o u n d  t h e  \ \ o r i d  p r o b j e d  t o  b e  v e r y  u s e f u l  p a r t i c L l _  
l n r l j  b e c a u s e  t h e y  w e r e  c h o s e n  t o  b e  o n  t h e  

p c r i p h c r y  o f  T o u r c c  q i o n s  a n d  i n  m o r e  r e m n t e  
a r e a \  d o ! \  n \ c i n d  o f  y o u r a  r c g i o n y .  M o d e l s  t c n d c d  

t o  p i e d i c t  se~~~oti~il tiiw~i SOY n i l \ i n g  ~ r n t i o \  i n  

w i n t e r  a n d  s u m m e r  b e t t e r  t h a n  t h e y  d i d  t h o s e  o f  

S O Z .  O n  a v e r a g e .  t h e y  w e r e  w i t h i n  2 0 %  o f  S O T  
o b s e r l / a t i o n s  w i t h  a  f e w  n o t a b l e  e x c e p t i o n s  w h i l e  

t h e y  o v e r - p r e d i c t e d  S O 1  b y  f a c t o r s  o f  2  o r  m o r e .  
F u r t h e r m o r e  i n  w i n t e r  a t  s i t e s  w i t h  h i g h  c o n c e l l -  
t r a t i o n s  ( i . e . ,  t h o s e  n e a r  s o u r c e  r e g i o n s ) .  m a n y  

m o d e l s  t e n d e d  t o  u n d e r - p r e d i c t  S O ;  c o n c e n t r ~ i -  
t i o n s ,  T h e  l i m i t e d  a r e a  m o d e l  H A  p e r f o r m e d  b e s t  

b y  m a t c h i n g  b o t h  p a r a m e t e r s  w i t h i n  2 0 % .  

A  c o m p a r i s o n  o f  m o d e l s  w i t h  o b s e r v a t i o n s  o f  

t h e  m e a n  v e r t i c a l  p r o f i l e  o f  “ ‘ R n  m i x i n g  r a t i o s  
n e a r  S a n  J o ! &  C a l i f o r n i a  f r o m  0  t o  1 2 . 5  k m  a l t i -  
t u d e  i s  s h o \ v n  i n  F i g  1 5 .  T h e  o b s e r v a t i o n s  a r e  

b a s e d  o n  a i r c r a f t  s o u n d i n g s  i n  t a t e  a f t e r n o o n  

e v e n i n g  ( 0 0  t o  0 6  G M T )  o n  1 1  d a y s  f o r  t h e  p e r i o d  
I  t o  1 6  J u n e  l Y 9 4  ( M .  K r i t z .  l Y 9 8 ) .  I t  s h o u t d  b e  
e m p h a s i z e d  t h a t  t h e  r e s u l t s  f o r  t h e  G C M s  a n d  t h e  
C T M s  C B  a n d  C D  d o  n o t  c o r r e s p o n d  e x a c t t )  t o  

t h e  w e a t h e r  c o n d i t i o n s  i n  w h i c h  t h e s e  o b h e r \ a t i o n s  
w e r e  t a k e n .  T h e  G C M  r e s u l t s  r e p r e s e n t  a  c l i m a t e -  

l o g i c a t  p r e d i c t i o n  f o r  t h e  p e r i o d  w h i t e  C B  a n d  C D  
r e s u l t s  a r e  f o r  t h e  s a m e  t i m e  o f  y e a r  b u t  d i f f e r e n t  
y e a r s  ( I 9 9 3  a n d  1 9 9 7 %  r e s p e c t i v e l y ) .  A t a ,  t h i s  i s  a  

c o a t a t  t o c a t i o n  s u b j e c t  t o  l a n d & e a  w i n d  c i r c u k -  
t i o n s .  T h u s .  t h e  o b s e r v e d  p r o f i l e s  r e s u l t  f r o m  b o t h  
v e r t i c a l  a n d  h o r i z o n t a t  t r a n s p o r t .  a n d  t h e  g l o b a l  

m o d e l s  c a n n o t  b e  e x p e c t e d  t o  r e p r o d u c e  t h e s e  
c i r c u l a t i o n s  \ \ e l L  T h e  o u t c o m e  i s  t h a t  w h i l e  t h e  
m o d e l s  p e r f o r m  v e r y  w e l l  i n  t h e  m a t c h i n g  o b s e r v e -  

t i o n s  b e & v e e n  4  a n d  1 0  k m  a t t i t u d e ,  t h e y  t e n d  t o  

d e v i a t e  f r o m  o b s e r v a t i o n s  i n  a  h y b t e m a t i c  p a t t e r n  
b e l o w  4  k m .  T h e  t e n d e n c y  i s  t o  u n d e r - - p r e d i c t  f ~ - o m  
2  t o  4  k m  j u s t  a b o v e  t h e  p ~ a n e t a t y  b o u n d a r y  l a y e r  
a n d  t o  o v e r - p r e d i c t  n e a r  t h e  g r o u n d .  T h e y  a r e  n o t  

a d e q u a t e t J  d i s p e r s i n g  R n  i n t o  t h e  t r o p o s p h e r e  

a  b  o \  c .  
A n o t h e r  n o t e h o t - t h k  a s p e c t  o f  c o m p a r i s o n s  i s  

t h e  i n a b i h t y  o f  a n y  o f  t h e  m o d &  t o  a d c q u a t e t y  
c a p t u r e  t h e  u p p e r  W > p o s p h e r i c  i n c r e a s e  ( r e k i t i v e  

t o  t h e  t i i i ~ l - t r ~ ~ p ~ ~ s p t i e r e  v a l u e s )  i n  t h e  o b s e r v e d  R n  

c o n c e n t r a t i o n s .  S u c h  u p p e r  t r o p o s p h e r i c  i n c r e a s e s  
l \ e r e  a  m a r k e d  f e a t u r e  o f  b o t h  t h e  i n d i v i d u a l  a s  
w e l l  a s  t h e  m e a n  p r o f i l e s  i n  t h e  S a n  J o &  ~I-W 
( K r i t 7  e t  a . .  l 9 9 X )  a n d  p r o b a h t l  r e s u l t e d  f r o m  
s t r o n g  c o n \ , e c t i v e  t r a n s p o r t s  o f  R n - r i c h  a i r  f r o m  

t h e  A s i a n  b o u n d a r y  t n y c r  t o  t h e  u p p e r  t r o p o -  
s p h c r c .  f o l i o w c d  h y  r a p i d  e : ~ ~ ~ ~ a r d  l m o \ ‘ c m e n t  a t  

c l c ~ n t c d  n l t i t u d c  f K r i t /  c l  al.. IWO\. 111 g e n t ~ i l .  
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b o u n d q  l a y e r  m i x i n g  p ~ ~ r ~ l i l l e t c r i z ~ t t i o n s  s c h e m e s  

a r e  n o t  a d e q u a t e l y  d i s p e r s i n g  R n  i n t o  t h e  t r o p o -  
s p h e r e  a b o v e .  

I t  s h o u l d  b e  e m p h a s i z e d  t h a t  i n  t h e  f o l l o w i n g  
c o m p a r i s o n s  o f  o b s e r v e d  a n d  m o d e l l e d  r e s u l t s  i n  
r e m o k  a r e a  f o r  t h e  “ ‘ R n  a n d  “ “ P b  t h a t  a l l  

m o d e l s  u s e d  t h e  s a m e  p r e s c r i b e d  e t n i s s i o n s  
( T a b l e  2 )  c o n s i s k n t  w i t h  t h o s e  p r e v i o u s l y  u s e d  i n  

a  g l o b a l  m o d e l  i n t e r c o m p a r i s o n  ( J a c o b  e t  a I _  
l Y Y 7 ) .  T h o s e  e m i s s i o n s  w e r e  l o w  a n d  c o n s t a n t  
r e g a r d l e s s  o f  s e a s o n  f o r  t h e  l a t i t u d e  b a n d  f r o m  6 0  

t o  7 0  i n  b o t h  h e m i s p h e r e s ,  

4 . 7 .  I. R e w o t e  S o u t h c ~ r t ~  O c e a n  w u r i w  . s i f c J , s ,  

M o n t h l y  a t m o s p h e r i c  m i x i n g  r a t i o s  o f  “ ‘ R n  a n d  

“ “ P b  h a v e  b e e n  o b s e r v e d  o n  t h e  r e m o t e  m a r i n e  
i s l a n d s  o f  N e w  A m s t e r d a m  ( 3 7 3 3  S ,  7 2 . 5 3  E ) ,  

K e r g e l e n  ( 4 9 . 3 3  S %  7 0 . 3 X  E )  a n d  C r o z e t  ( 4 6 . 4 5  S ,  
S l . X 5  E ) .  T h e s e  i s l a n d s  a r e  f a r  f r o m  t h e  m a i n  
c o n t i n e n t a l  s o u r c e  o f  “ ‘ R n  i n  S o u t h  A f r i c a  
( F i g .  I ). A t y p i c a l  r e s u l t  f o r  t h i s  g r o u p  i s  s h o ~ v n  
i n  F i g  I 6  f o r  N e w  A m s t e r d a m  I s l a n d .  M i x i n g  

r a t i o s  a r e  a t  l e a s t  a n  o r d e r  o f  m a g n i t u d e  l o w e r  

c o m p a r e d  t o  a  c o n t i n e n t a l  s o u r c e  s u c h  a s  B o m b a y  
o r  F r e i b e r g  ( 0 . 2  t o  0 . 7  x  I O - ”  m n o l e  t n o l e - a i r  
“ “ P b :  0 . 6  t o  I  x  I O - ”  n m o l e  m o l e - a i r  ‘ 1 2 R n ) .  A l l  

m o d e l s  e x c e p t  C F  c o n s i s t e n t 1 1  p r e d i c t  “ ‘ R n  
m i x i n g  r a t i o s  t h a t  a r e  h i g h  b y  2 1  f a c t o r  o f  2  t o  I O  

b u t  h a l e  t h e  r i g h t  s e a s o n a l  c y c l e .  F o r  “ “ P b .  t h e y  
p r e d i c t  t n i x i n g  r a t i o s  t h a t  a r e  h i g h  b y  a  f a c t o r  o f  
2  t o  I O  \ \ i t h  n o  s e a s o n a l  v a r i a t i o n  i n  a g r e e m e n t  

\ \ i t h  o b s e r v a t i o n s .  M o d e l  C F  d o e s  n o t  s i m u l a k  
t h e  s e a s o n a l  c y c l e  a n d  t e n d s  t o  b e  m o r e  v a r i a b l e  

f r o m  t n o n t h  t o  m o n t h ,  T h u s .  e i t h e r  m o d e l e d  t r a m -  
p o r t  o f  c o n t i n e n t a l  e t n i s s i o n s  f r o t n  t h e  s o u U l e r n  
A f t - i c a n  c o n t i n e n t  t o  t h e s e  i s l a n d s  i s  t o o  s t r o n g  o r  
c m t s s i o n s  o f  “ ‘ R n  a r e  t o o  h i g h .  T h e  f i r s t  e x p l a n a -  

t i o n  i s  c t o n s i h t e n t  h i l h  c o n c l u s i o n  d r a w n  a b o b e  

f o r  S O ,  t r a n s p o r t  f r o m  s o u r c e  r e g i o n s  t o  r e t n o t e  
a r e a s  o f  t h e  n o r t h e r n  h e m i s p h e t - c .  

R e s u l t &  a t  t h e  A n k u c k  s i t e  D u m o n t  D u i - v i l l c  
( 6 7 . 0 0  S ,  l 4 2 . U U  E )  a l - e  c o n h t s t c n l  w i t h  t h e  l o w e r  

l a t i t u d e  b o u l h e r n  o c e a n  s i t e s .  E x c e p t  i n  t h e  m o n t h s  
o f  J a n t t a q  a n d  F e b r u a r y .  n i l  m o d e l s  e x c e p t  C F  
o v e r - p t - e d i c t c d  “ ‘ R n  b y  f a c t o r s  o f  I  t o  I O .  

I n  ; I  d e t a i l e d  c o m p a r i s o n  o f  v e r s i o n s  o f  m o d c k i  

G D  a n d  C B  w i t h  “ ‘ R n  o k i - t a t i o n s  ( D e n t e n c r  

e t  a l . ,  l Y Y 9 ) .  i t  w a s  c o n c l u d e d  t h a t  d i f f e r e n c e s  

b e t w e e n  m o d e l e d  a n d  o b s e r v e d  m i x i n g  r a t i o s  w e r e  
d u e  t o  u n c e r k n t i e s  i n  E C M W F  w i n d s  u s e d  t o  
d r i v e  t h e  m o d e l .  t h e  a s s u m e d  2 ’ 2 R n  e m i s s i o n  a n d  

s u b - g r i d  p a r a m e t e r i z a t i o n s  o f  v e r t i c a l  t r a n s p o r t .  

A s  i n  t h e  C O S A M  r u n ,  b o t h  t n o d e l s  t e n d e d  t o  
o v e r - p r e d i c t  m i x i n g  r a t i o s  a t  r e m o t e  s o u t h e r n  
o c e a n  m a r i n e  s i t e s .  T h e y  p e r f o r m e d  b e t t e r  i n  

s h o r t e r  r a n g e  t r a n s p o r t  f r o m  A u s t r a l i a  t o  C a p e  
G r i t n .  T a s m a n i a  a n d  f r o m  e a s t e r n  N o r t h  A m e r i c a  

t o  B e r m u d a .  S i n c e  i n  t h e  a b o v e  C O S A M  r e s u l t s ,  
d i s c r e p a n c i e s  w i t h  o b s e r v a t i o n s  a p p e a r e d  w i t h  
C i C M s  a s  w e l l  a s  t h e s e  C T M s .  s u b - g r i d  p a r a -  
m e t e r i z a t i o n  o f  m i x i n g  m u s t  b e  a  s i g n i f i c a n t  s o u r c e  

o f  t n o d e l  e r r o r  r e l a t i v e  t o  i n p u t  w i n d s .  

4 . 7 2 .  ~ L U ~ U ~ ~ ? ,  C k a ~ l ~ t n ~ / .  S u m m i t  ( 7 2 3 0  N ;  

3 X . 0 0  W )  o n  G r e e n l a n d  i s  a n  e l e v a t e d  ( 3 2 1 0  m  
a l )  s i t e  a t  t h e  t o p  o f  t h e  G r e e n l a n d  p l a t e a u .  

M e a s u r e m e n t s  o f  ‘ 2 2 R n  a n d  “ ‘ P b  w e r e  m a d e  
t h e r e  v e r y  r e c e n t l y  a s  p a r t  o f  t h e  j o i n t  E u r o p e a n /  
A m e r i c a n  o v e r - w i n t e r i n g  p r o j e c t .  A  c o m p a r i s o n  
o f  t n o d e l e d  a n d  o b s e r v e d  “ ‘ R n  a n d  “ “ P b  a t  t h i s  

s i t e  s h o w e d  t h a t  m o d e l s  s y s t e m a t i c a l l y  o v e r - p r e -  
d i c t  “ ‘ R n  m i x i n g  r a t i o s  b y  a  f a c t o r  o f  2  t o  I O  

w h i l e  f o r  ‘ l ” P b  s o m e  a r e  c o n s i s t e n t l y  h i g h e r  b y  a  
f a c t o r  o f  I . 5  t o  5  ( G B .  C D .  C A .  C B .  C E )  a n d  
s o m e  a r e  l o w e r  ( C C  a n d  C F ) .  M o d e l  H A  i s  c l o s e s t  

t o  o b s e r v e d  b u t  s i g n i f i c a n t l y  o v e r - p r e d i c t s  “ ‘ R n  
i n  w i n t e r .  N o n e  o f  t h e  m o d e l s  r e p r o d u c e  t h e  

o b s e r v e d  s e a s o n a l  c y c l e  o f  “ ‘ R n .  T h e  i n a b i l i t y  o f  
m o d e l s  t o  s i m u l a t e  t h e  t r a n s p o r t  o f  1 2 ’ R n  ( t h e  
g a s e o u s  p r e c u r s o r  o f  a e r o s o l  “ “ P b )  t o  G r e e n l a n d  

i s  c o n s i s t e n t  w i t h  t h e i r  i n a b i l i t y  t o  m a k h  g r o u n d  
l e v e l  S O 1  m i x i n g  r a t i o s  i n  r e m o t e  r e g i o n s  

( F i g s .  1 2 .  1 4 ) .  A n o t h e r  s o u r c e  o f  u n c e r t a i n t y  i s  t h e  
a s s u m e d  “ ‘ R n  e m i s s i o n s  ( T a b l e  2 ) .  

I n  t h e  n o r t h e r n  h c m i T p h c r i c  w i n t e r .  a l l  m o d e l s  

e x c e p t  G C  t e n d  t o  p t - e d i c t  t o o  l i t t l e  S O ;  t n  t h e  
s o u r c e  r e g i o n s  a n d  t o o  m u c h  i n  r e m o t e  s o u r c e  
i r e g i o n s  ( F i g .  I  I  ) ,  S i m u l t a n e o u s l y ,  t h e y  o v e r -  

p r e d i c t  S O 1  e s p e c i a l l y  i n  r e m o t e  r e g i o n ?  ( F i g .  1 2 ) .  
T h e r e  i s  g o o d  c v i d c n c e  t h n t  m o d e l  H A  s i m u l a t e s  
t h e  n o r t h e r n  h e m i s p h e r i c  s u l p h u r  d i s t r i b u t i n n  
b e s t .  I n  t h i s  c a s e .  r e s u l t ?  i n d i c a t e  t h a t  m o q t  m o d e l ?  

o v e r - p r e d i c t  t h e  d i s p e r s i o n  o f  S O ,  i n  t h e  v c r t i c l t l  

p a r t i c u l a r l y  i n  t h e  s o t t r c c  r c g i o n y  ( F i g .  S h y  S O ,  



[O-l km] SOV[total column]). Many models lo HA (Fug 7). Testmg this with the amount of 
underestimate SO? oxidation in winter in source SO, m the high latitude troposphere which gener- 

regions (Fig. 5c. mid-latitidesj possibly due to too ally rellects transport out of Europe and RusGa 

little cloud or a missing oxidation mechanism (e.g.. into the Arctic (Fig. 7). shows that the exceptions 

Kasibhatla et al.. 1997). Not oxidizing SOI which are GB. GD and CF which perform closest to 

is less efliciently scavenged than SO: at this time expectation along with HA. The fact that north 

of year. together with too vigorous vertical mixing of 4S N GC. CA and CC over-predict SO, 
into the free troposphere where horizontal wind amounts m the vertal (Fqq 7) while simultan- 

speeds are higher leads to too much SO, (mainly eously over-predicting the oxidation of SO? in the 

as SO:) in the free troposphere as well as at the \ourcc @on ;I\ nell a\ rcmotc region (FIN. Sc) 

ground in remote regions. This is evident in over- suggests that the main exphmalion for excessive 

prediction of SO? at ground level t Fig. 12) a n d  tramport bqond the houra region in that mod& 
the excessive amounts of SO., in the northern i5 exceai\e mixing in the lerticat m d  n o t  h c h  of 
hcmisphcrc in winter of most models compared con\er\ion of SO, lo SO, m the \ourcc region>. 
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Over-prediction of observed Rn222 mixing ratios 
at remote region marine sites is consistent with 

this conclusion. 
in northern hemispheric summer. oxidation of 

SO2 to SOT is much greater than in winter for all 

models (Fig. 6c). Ground level SO: mixing ratios 

are simulated much better than in winter with a 
tendency to over-prediction in remote regions 
(Fig. 13) consistent with that observed in Rnz2? 
predictions at rcmotc sites. 

The general conclusion from the above analysis 

is that vertical mixing rrom the planetary bound- 
ary layer into the free troposphere in source 
regions is a major source of uncertainty in pre- 
dicting the global distribution of SOY aerosols in 

climate models today. 

5. Conclusions and recommendations 

The COSAM study inbjolvcd a design of a 

model comparison standard and the collection of 
a new global aerosol chemistry observational data 
set for validation. It leas our intention that the 
COSAM test could be a standard available to 

anyone on the bvorld wide \seb who. developing a 
global sulphate aerosol model. wishes to test its 

performance (http: lvwwmsc-smc.ec.gc.ca armp 
COSAM.html). After initial simulations. a work- 
shop was held in October 199X in Halifax, Canada 

to rcvicw results and recommend future action in 

model improvement. 
A systematic comparison of large-scale sulphate 

aerosol models with each other and observations 
provided us with an estimate of the variance, 

between the population of sulphate aerosol models 
of the late 1990s and \+ith insights into what 

cause3 that variance, This insight is valuable in 
assigning uncertainty to estimates of the impact 

of sulphate aerosols on climate that are under- 
taken by the Inter-governmental Pane1 on Climate 
Change (IPCC) as well as in improving models. 

Participating in the C’OSAM study weI-c 3 
general circulation mod& (GCMh) that generate 

thcil- own mctcoI-ological lieI& and 6 chemical 

trampot-t mode& (CTMs) that arc dl-iven by gl-id- 
ded meterolog~cal fields produced from observ~~- 
tions. Two of those CTMs (CD and CC) were 
essentially general circulation models nudged to 

analyZcd winds. The following conclusions 
I-cbulted from the analy~ in this p a p u  and 2 

companion papers by Roelofs et al. (2001) and 
Lohmann et al. (2001). 

(i) Annual mean global budgets of 22’Rn!2”‘Pb 

indicate that the GCMs were less efficient in 

particulate scavenging than CTMs. 
(ii) In most models in a11 source regions. 

40-60% of the sulphate resides above 2.5 km 

altitude. 
(iii) The greatest export of SO-Y from a major 

source region occurred in Europe and the least 
from North America and southeast Asia while the 
greatest variability of SO., export between models 

occurred in eastern North America and southeast 
Asia rather than Europe, The former is in part 

due to the greater fraction of ocean surface in the 
regional-budget domain chosen for North 

America and southeast Asia (Fig. I )  while the 
latter is likely related to less intense simulated 

convection in the European region than in the 
other twso lower latitude regions. 

(iv) Variations between models in the export 
of SO, from Europe or North America are not 

suflicient to explain an order of magnitude vari- 
ation in spatial distributions of SO_, in the north- 

ern hemisphere. The most likely factors underlying 
such variations are in diferences in hnw the 
models simulate vertical mixing and subsequent 

advection. Cloud processes as well as dynamics 
are involved. 

(v) On average. models predict surface level 
seasonal mean SOT aerosol mixing ratios better 
(most within 2O”Al) than they did those of SO2 

(over-prediction by factors of I or more). A higher 
resolution limited area model performed best by 

matching both parameters within 20%. In winter. 
there is a tendency to under-predict SOT close to 
source regions and over-predict in remote regions. 

(vi) On the basis of global annual sulphur 
budgets as well as the spatial distributions of 

biogenic SOY and DMS it was concluded that 
the two models with internally-generated-oxidant 

chemistry (a CTM and a GCM) oxidized DMS 
quite dlflel-ently producing a mean amma tropo- 
bphel-ic residence time of 2 versus 3.9 days. Thus 

m marine areas of high DMS emissions, OH 
concentl-ations predicted by the two models must 
differ considerably. 

(vii) Vertical mixing of surface emissions from 

the planetary boundary layer into the free tropo- 
sphere in source regions is a major source nf 
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